National data on dengue notifications do not capture all dengue infections and do not reflect the true intensity of disease transmission. To assess the true dengue infection rate and disease control efforts in Singapore, we conducted age-stratified serosurveys among residents after a 2013 outbreak that was the largest dengue outbreak on record. The age-weighted prevalence of dengue immunoglobulin G among residents was 49.8% (95% confidence interval: 48.4, 51.1) in 2013 and 48.6% (95% confidence interval: 47.0, 50.0) in 2017; prevalence increased with age. Combining these data with those from previous serosurveys, the year-on-year estimates of the dengue force of infection from 1930 to 2017 revealed a significant decrease from the late 1960s to the mid-1990s, after which the force of infection remained stable at approximately 10 per 1,000 persons per year. The reproduction number (R 0 ) had also declined since the 1960s. The reduction in dengue transmission may be attributed to the sustained national vector program and partly to a change in the age structure of the population. The improved estimated ratio of notified cases to true infections, from
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Dengue viral infection is a major threat to global health. Numbers of reported cases across the Americas, Southeast Asia, and the western Pacific exceeded 1.2 million in 2008 and 3 million in 2013 (1, 2) . Dengue notifications have been likened to the tip of an iceberg, however, as there are many more infections than reported, because of asymptomatic infections and infections that are misdiagnosed or for which medical attention is not sought (3) .
Several prospective cohort studies conducted in Thailand and Nicaragua showed that numbers of infections were 8-to 20-fold higher than national numbers of reported cases (4, 5) . Inapparent infection obscures estimates of the true number of cases of this reemerging disease (6) (7) (8) (9) . Recently, modeling conducted to map the global distribution of dengue risk estimated 390 million dengue infections per year, of which only 96 million are symptomatic (10) . This estimate is at least thrice the figure provided by the World Health Organization (11) .
Dengue is endemic to the equatorial city-state of Singapore, where multiple serotypes cocirculate and dengue cases are reported throughout the year. Since the resurgence of dengue in the 1980s, Singapore has experienced epidemics of increasing magnitudes over the past 3 decades (12) (13) (14) (15) (16) (17) . In 2013, Singapore saw the highest number of reported cases recorded, with incidence at 404.9 cases per 100,000 population, corresponding to more than 22,000 notified cases (18) . Although all 4 dengue virus serotypes cocirculate in Singapore, dengue virus type 1 (DENV-1) (2004) (2005) (2006) (2013) (2014) and dengue virus type 2 (DENV-2) (2007) (2008) (2009) (2010) (2011) (2012) (2015) (2016) (2017) have been the predominant serotypes (17) (18) (19) (20) .
Despite the apparent increase in infections, the prevalence of anti-dengue immunoglobulin G (IgG) antibodies among adult residents of Singapore has fallen over the last few decades (21) . The extent to which this ostensible contradiction can be attributed to changes in diagnostic procedures and notification rates and what this implies for dengue epidemiology in Singapore are not clear.
To address this uncertainty, we conducted 2 cross-sectional serosurveys after the 2013 dengue epidemic, to compare them with previous surveys. In contrast to longitudinal cohort studies, repeated cross-sectional serosurveys can be more costeffective in settings like Singapore, where the force of infection (FOI)-that is, the rate at which susceptible individuals are infected (22) -is known to be low (23) . Using Bayesian computational methods, we analyzed data from these serosurveys together with past serological data to estimate long-term temporal changes in the FOI, the basic reproduction number ( ) R 0 , and numbers of infections averted.
METHODS

Seroprevalence study
Sample selection. Residual serum samples were collected from nonremunerated blood donors by the Blood Services Group of the Singapore Health Sciences Authority from December 2013 to February 2014 and from June to August 2017. An initial sample size of 4,160 was determined for the study, based on an estimated seroprevalence of 50.8% (21) at a confidence level of 99% and precision of 2%. Samples were selected according to the age and sex distribution of the adult population in the years 2013 and 2017, as previously described (21) . Population data were obtained from the Singapore Department of Statistics.
Ethics statement. The National Healthcare Group Domain Specific Review Board and the Bioethics Review Committee of the National Environment Agency/Environmental Health Institute approved the 2013 and 2017 studies, respectively. Written informed consent to test the serum samples for infectious diseases was obtained from the blood donors as part of the Donor Health Assessment Questionnaire. In addition, parental consent was obtained for donors below 18 years of age. Donor identifiers were removed, and only the age, sex, residency status, and residential postal code of each participant were retained.
Serological analysis. The presence of dengue IgG in the serum samples was determined by enzyme-linked immunosorbent assay (ELISA) using the Panbio Dengue IgG Indirect ELISA (Alere Inc., Waltham, Massachusetts), according to the manufacturer's instructions.
Data analysis. Only data on Singapore residents (citizens and permanent residents of Singapore; n = 3,813 in 2013 and n = 4,002 in 2017) were analyzed. Dengue IgG prevalence was weighted to adjust for age as previously described (21) . Fisher's exact test was used to assess the significance of differences in seropositivity between groups. Prevalence ratios and 95% Wald confidence intervals were computed for each group as compared with the referent. A 2-sample z test for equality of proportions with continuity correction was used to determine whether differences in dengue IgG prevalence between age groups in 2009 and 2013 were statistically significant. Statistical significance was defined as P < 0.05.
Bayesian model for FOI
Model development. Age-specific dengue seroprevalence data independently collected in 2004 and 2009 (including the pediatric cohort) were integrated with data from the 2013 and 2017 serological surveys to estimate the historical dengue FOI (see Table 1 and Web Appendix 1, available at https://academic. oup.com/aje) (21, 24, 25) . The IgG ELISA test commonly used in seroprevalence studies is unable to distinguish between dengue serotypes or to determine the number of different dengue infections an individual has contracted. In addition, the test may produce false-negative results due to degradation of sensitivity over time, especially for patients whose most recent infection occurred decades before the test was conducted. For this analysis, we estimated an age-independent, discrete-time FOI (denoted by λ t ), defined as the rate at which a dengue-naive (seronegative) individual acquired primary infection with any serotype during year ( ≤ ≤ ) t t 1931 2017 ; we assumed that the FOI could vary yearly but was common to all age groups during each calendar year (23) . We also assumed that individuals lost seropositivity as detected by the IgG ELISA test at a constant rate α, the prior distribution of which was based on Imai et al.'s (26) estimate. Hence, given n a y serosurvey participants aged a years in year y, the number of persons having a positive IgG ELISA test result was assumed to follow a binomial distribution:~( For computational convenience, we worked with ϕ = λ log t t , which has support on the real line. A first-order Gaussian random walk prior distribution was specified to impose smoothness in the ϕ t estimates: 1 and the precision parameter τ was assigned a weakly informative prior:
2017 was sampled using the Markov chain Monte Carlo method over 170,000 iterations. We discarded the initial 20,000 iterations as burn-in data and subsequently saved every 30th iteration to obtain a posterior sample of size 5,000.
Evaluation of model. We derived posterior median values for the proportion of individuals having a positive IgG ELISA test result for every combination of age and serosurvey year. These were used as null values within binomial tests to highlight observations with a statistically significant deviation from the model (at a 5% significance level), and the proportion of statistically significant observations was then tabulated (Web Appendix 2). In addition, the agreement between the empirical and reconstructed dengue IgG seroprevalences for every combination of age and serosurvey year was visually inspected, where Clopper-Pearson confidence intervals were used to quantify uncertainty resulting from potentially small sample sizes for each individual age.
Reconstructing seroprevalence over time
Assuming the risk of dengue infection among seronegative persons to be homogenous across age groups in a given year, we derived the posterior distribution of seroprevalence as a function of age and time from the FOI estimates and used it to obtain posterior distributions of the age-weighted seroprevalence during the period 1960-2017 (Web Appendix 2).
Under the assumptions listed in Web Appendix 2, we estimated R 0 by converting the overall seroprevalence to a serotype-level prevalence estimate as a function of age and time using the relationship
where the subscript s indicates that the prevalence is for 1 serotype. Age-weighted estimates of the serotype-level prevalence for each year were derived and applied to the following relationship to estimate R 0 as a function of time, y:
Justification for this approach and a sensitivity analysis which assesses the robustness of the R 0 estimates with respect to the percentage of annual resident cases being imported from abroad are provided in Web Appendix 2.
Calculation of the ratio of infections to notified cases
Estimation of total number of primary infections. The number of primary infections among Singapore residents during each year y was estimated using the population structure data, mortality rates, and the FOI estimated seroprevalence, where we assumed that mortality and serostatus were independent for each age group: + N y 1 denote the total numbers of seropositive residents at the end of year y and year (y − 1), respectively, derived using the FOI estimates.
, , and ( ) P a y , midpoint stand for the midyear total number of residents, mortality rate, and midyear seroprevalence estimate for persons of age a in year y.
Estimation of infection:notification ratio. To estimate the infection:notification ratio for the period (t 1 , t 2 ), we divided the estimated total number of dengue infections among Singapore residents by the number of reported cases obtained from the Communicable Diseases Division of the Ministry of Health: a The sensitivity (Panbio: 97.9%; EUROIMMUN: 100%) and specificity (Panbio: 100%; EUROIMMUN: 100%) of the Panbio and EUROIMMUN assays (as provided in the product inserts) were similar. Both assays were tested in a serum sample panel of patients with suspected dengue virus infection (n = 87), and the qualitative results of the two ELISAs were 99% in agreement (EUROIMMUN Anti-Dengue Virus ELISA (IgG) product information). This shows that the data from these studies may be used collectively for analysis. The total number of samples analyzed in these 5 studies was 16 was multiplied by 2, taking into account the ratio of 1:1 for primary:subsequent dengue infections. This factor was based on a locally conducted study, the Early Dengue Infection and Outcome (EDEN) Study, which revealed almost equal numbers of symptomatic dengue patients with primary and subsequent infections (52% and 48%, respectively) (27) ; this echoes Sabin's landmark studies of the early 20th century (28) 
Estimation of the number of primary infections averted
To estimate the number of primary infections averted among Singapore residents in 2017 because of changes in the FOI, the posterior samples of age-specific seroprevalence in 2017 were obtained according to 4 hypothetical situations (FOI held fixed at the level of the 1960s, 1970s, 1980s, and 1990s averages). In each situation, the difference between the age-specific seroprevalence based on the original FOI estimate and that obtained using the "frozen" hypothetical FOI was multiplied by the number of residents of each age in the year 2017. The total number of infections averted was multiplied by 2, taking into account the 1:1 ratio for primary: subsequent dengue infections (27) , with a sensitivity analysis considering alternative values for this ratio (2:1 and 1:2) to account for potential biases caused by using symptomatic cases to determine the ratio of primary infections to nonprimary infections.
All mathematical and statistical analyses were performed using R software (R Foundation for Statistical Computing, Vienna, Austria) (29) . The observed and reconstructed age-stratified prevalence rates from the serosurveys are presented in Figure 3 . The goodness of fit of the age-stratified seroprevalence estimates was found to be reasonable for the 2004, 2013, and 2017 data ( Table 2 ). For the pediatric data from 2009, however, there was a notable discrepancy in the youngest age groups, Figure 4B ). This indicated that despite the endemicity of symptomatic dengue incidence in the community, the population level of immunity within any adult age group showed a decrease from 2009 to 2017.
Estimates of R 0
Estimates of R 0 were above 1.4 per annum before the late 1990s, peaking at 2.02 (95% BCrI: 1.572, 2.656) in 1960.
The R 0 estimates gradually declined over the next decade to 1.30 (95% BCrI: 1.264, 1.345) in 2013 and 1.28 (95% BCrI: 1.248, 1.319) in 2017 ( Figure 5A ). The reduced transmission rate indicated by estimates of R 0 corroborates the FOI estimates, the latter of which reflect a combination of infection risk and the changing age profile of the population. As compared with a previous study which showed varying levels of FOI and R 0 for Singapore (26) , in the current study we used a more recent data set and a larger sample size across 4 time points to update historical FOI estimates, and we excluded studies that were not comparable with this national study (Web Table 3 ). Overall, our R 0 estimates were found to be robust with respect to the percentage of resident cases being imported from abroad, especially for the post-1990 R 0 estimates (Web Figure 2) .
Seroprevalence against the backdrop of a change in age structure A change in the age structure of the population due to a reduced birth rate and longer life expectancy is known to lower the disease transmission rate through a decrease in the proportion of the population that is susceptible. Because Singapore has seen a progressively aging population in recent decades, we explored whether the lower transmission rate could be attributed to such a dilution effect. We analyzed and reconstructed seroprevalence trends using age-stratified seroprevalence estimates and the changing age structure of the population (Web Figure 3) . We found that despite the aging population, the seroprevalence level has progressively decreased, from above 60% in the 1970s to 46% in 2013 ( Figure 5B ), though the gradient of the decrease has become more gradual since the mid-2000s. These results suggest that the change in age structure cannot fully explain the reduction in FOI.
To understand the observed discrepancy between the rising incidence rate and the reduced transmission rates, we sought to understand the trend of the infection:disease notification ratio in Singapore. Among the 4 serosurveys, the ratio 
Estimated number of primary infections averted
Trends of primary dengue infections averted among residents in 2017 across age were projected from 4 hypothetical FOI situations (Figure 6 ). Assuming the number of primary and subsequent infections to be equal throughout the period, using estimates from patients presenting at primary-care clinics (27) , estimates of the total number of infections averted would be 3.12, 1.90, 0.87, and −0.11 million for an FOI held fixed at the average of the 1960s, 1970s, 1980s, and 1990s, respectively. However, these 4 estimates are sensitive to the assumed ratio of primary infections to nonprimary infections and, in sensitivity analysis, vary over the range of 2.34, 1.43, 0.65, and −0.08 million to 4.68, 2.86, 1.30, and −0.17 million, if the ratio of primary cases to nonprimary cases is changed to 2:1 or 1:2. No additional infections were averted among residents on the basis of the FOI held fixed at the 2000s average, and a wide Bayesian credible interval was observed (-10,000 infections, 95% BCrI: −110,000, 100,000).
DISCUSSION
Regular seroprevalence studies in Singapore, coupled with mathematical models, have allowed estimation of FOI and the true number of dengue infections in this dengueendemic city-state. The FOI reflects changes in the demographic characteristics of a population as well as the risk in transmission, and it can behave in nonintuitive ways; for instance, a falling FOI can coincide with a rise in the incidence of severe dengue (31) . Cross-sectional serological studies coupled with epidemiologic models provide new insights beyond what is available from case notification alone: Marked changes in the FOI for dengue have been noted in Thailand, for instance, using pediatric cross-sections, mirroring a shift in the age profile of cases there (32). This study shows that Singapore experienced a significant reduction in the dengue FOI between 1960 and 1990, followed by a steadily low FOI. The phenomenon is corroborated by the R 0 estimates for the same period. The R 0 estimate in Singapore is lower than estimates reported in other endemic places. For example, R 0 has been estimated to be 1.35 or more in Thailand, Sri Lanka, and Brazil (26) . A reduction in FOI could be due to an aging population in which the birth rate decreased very significantly and life expectancy increased, resulting in increased herd immunity due to fewer susceptible new births and a concurrent increase in immune individuals as a proportion of the population (33) . Indeed, Singapore has seen a rapidly aging population in the last 4 decades. However, there has been a reduction in seroprevalence in Singapore despite the changing age structure. Not surprisingly, the relatively small reduction in the overall prevalence of dengue does not corroborate with the large drop in age-specific prevalence seen through the same period. Together, these findings suggest that the lowering of the transmission rate indicated by FOI estimates is not mainly driven by a change in age structure, that the reduction in the FOI cannot solely be attributed to changing demographics, and that the evolving age structure may have prevented a more drastic decrease in seroprevalence. Singapore's stringent vector prevention and control regime, which has continued to evolve to respond to the increasing challenge and involves the community in reducing levels of the vector (34) , is one possible explanation for some of the reduction in transmission risk.
While the dengue incidence rate in Singapore has increased dramatically in the last 25 years, the trend contradicts the falling trend of FOI and seroprevalence. We suspect that this is largely due to the surfacing of a larger part of the dengue "iceberg" in the last 2 decades and to the availability of improved diagnostic procedures, increased awareness among the public, and increased use of laboratory diagnosis by the medical community. Besides the ongoing effort in promoting early laboratory testing and use of rapid diagnostic test kits in Singapore, the improved reporting rate could also be attributed to the shift of infections to adult age groups (discussed below), where primary dengue tends to be more apparent than it is in children (35) . The improved ratio of total infections to notified cases provides evidence for the hypothesis that a higher rate of detection of infections is contributing to the increasing incidence rate.
Although we attribute much of the decline in R 0 to vector control, the decreases in transmission intensity may reflect both demographic changes that reduce transmission potential (a top-heavy age pyramid) and the intensive vector control program in Singapore, which has reduced mosquito breeding rates to very low levels. Our study has highlighted the importance of using seroprevalence data to evaluate the impact and efficacy of a vector control program and to estimate the number of potential cases averted. The measure "number of infections averted" has been widely applied in the evaluation of malaria disease control efforts in Africa (36) and the dengue vaccination program in Thailand (37) , as well as potential dengue control tools such as the sterile insect technique (38) . This point of reference is essential in the Singapore setting because the Aedes house index is low (approximately 0.3% in 2013) (18) , and thus measurement of incidence does not reflect the effectiveness of control efforts well.
Since the 1980s, the lowering of herd immunity in the population has coincided with an increase in the median age of dengue infection, from 14 years in 1973 (39) to over 30 years in 2007 (40) . While the low level of herd immunity has rendered the population vulnerable to epidemics despite a low Aedes aegypti population (18), the associated reduced dengue transmission has produced many benefits, with few pediatric cases and thus fewer children suffering from antibody-dependent enhancement inducing severe secondary infection (41) .
However, the progressive lowering of herd immunity poses challenges. First, lower herd immunity makes vector control less effective, since each infected mosquito has a relatively greater chance of infecting 1 or more susceptible hosts. The need to further reduce the already-low vector population is expected to escalate costs considerably. A paradigm shift is needed to reduce contact between susceptible human hosts and infected vectors. Besides dengue vaccination (42) , the use of Wolbachia-carrying Aedes (43) to further suppress the Aedes population could be considered. Second, the shift in the age of dengue cases has increasingly led to many infections in the elderly. In 2006, 2007, and 2009, persons aged 55 years or more experienced the highest incidence rate among all age groups (17, 44, 45) . This, combined with the increased risk of severity among populations with comorbidity (41) and an aging population in Singapore (46), may pose a challenge to clinical management in the near future.
One limitation of this study was the use of residual sera from blood donors. To render the samples as representative of the Singapore resident population as possible, we adjusted for age. Analysis of the spatial distribution of the study subjects showed that they were representative of the resident population as a whole (Web Figure 4) and resided in the two most common types of housing in Singapore (public and private high-rise apartment buildings). We believe that the spatial distribution of risk in Singapore is probably more uniform than that in the majority of other dengue-endemic countries. This is supported by a previous serological study which indicated that housing type was not significantly associated with previous infection (24) and by the fact that incidence rates between these two common housing types are similar (47) . Other evidence supporting our use of blood donors' samples includes the similar seroprevalence results and FOI estimates obtained from this study as compared with those derived from the 2004 survey (Web Figure 1) . Unfortunately, information on ethnicity was not collected, and thus we could not ascertain whether blood donors matched the population as a whole in this regard. Bias may have been introduced by the request that donors with recent (diagnosed) dengue or chikungunya virus infection defer their donation for 6 months (48), which may have affected the 2013 estimates in particular, because of the large dengue outbreak that year. Lastly, the temporal FOI model was based on non-serotype-specific data, given the limitation of the IgG ELISA used in this study and most of the prevalence studies.
Despite these limitations, this work highlights how dengue has evolved over time in Singapore and that a substantial proportion of children and young adults are susceptible to dengue infection. The sensitivity of the national notification system, which relies on diagnosed cases, may vary over time, and hence the magnitudes of epidemics are not comparable across calendar years. Our findings provide updated estimates of overall dengue transmission intensity and modeled primary infections averted that could help guide analyses of the potential impact of future disease interventions or vaccination programs.
